a b s t r a c t DNA double-strand breaks (DSBs) disrupt the physical and genetic continuity of the genome. If unrepaired, DSBs can lead to cellular dysfunction and malignant transformation. Homologous recombination (HR) is a universally conserved DSB repair mechanism that employs the information in a sister chromatid to catalyze error-free DSB repair. To initiate HR, cells assemble the resectosome: a multi-protein complex composed of helicases, nucleases, and regulatory proteins. The resectosome nucleolytically degrades (resects) the free DNA ends for downstream homologous recombination. Several decades of intense research have identified the core resectosome components in eukaryotes, archaea, and bacteria. More recently, these proteins have been characterized via single-molecule approaches. Here, we focus on recent single-molecule studies that have begun to unravel how nucleases, helicases, processivity factors, and other regulatory proteins dictate the extent and efficiency of DNA resection in eukaryotic cells. We conclude with a discussion of outstanding questions that can be addressed via single-molecule approaches.
Introduction
DNA double-strand breaks (DSBs) occur when both strands of DNA are physically fractured into two separate molecules. If unrepaired, even a single DSB can lead to cell death (Bennett et al., 1993) . These genotoxic lesions arise during normal cellular metabolism with upwards of 50 DSBs per cell cycle reported in some human cells Knudson, 2006, 2003) . DSBs also arise from a variety of exogenous sources, including ionizing radiation and oxidative stress. More recently, DSBs have also been identified as key intermediates in resolving stalled replication forks and R-loops generated by stalled RNA polymerase (Santos-Pereira and Aguilera, 2015; Skourti-Stathaki and Proudfoot, 2014; Zeman and Cimprich, 2014) . Additionally, uncapped telomeres are often recognized as DSBs by the break repair machinery, requiring the formation of specific telomere-protecting structures (Doksani and de Lange, 2014) . Accurate and timely DSB repair is essential for maintaining the cell's genetic information. Mutations in DSB repair proteins result in increased tumor formation, sterility, and embryonic lethality, underlining the importance of these systems for human health (Stracker and Petrini, 2011) .
Two canonical cell-cycle dependent pathways are responsible for DSB repair in human cells. The non-homologous end joining (NHEJ) pathway is active throughout the cell cycle and attempts to repair the break via direct ligation of the DNA ends (Deriano and Roth, 2013; Weterings and Chen, 2008) . NHEJ is generally considered as error-prone because the free DNA ends are ligated back together without regard to their sequence identity. When multiple DSBs occur in the same cell, illegitimate NHEJ between incompatible DNA ends can also lead to gross chromosomal rearrangements (Gu et al., 2008) . Homologous recombination (HR) is a second DSB repair pathway that is primarily active during the S and G 2 phases of the cell cycle (Jasin and Rothstein, 2013; Mathiasen and Lisby, 2014) . HR is generally considered error-free because this pathway utilizes the sister chromatid to restore missing information at the damaged DNA ends. To initiate HR, the free DNA ends are extensively resected to create long 3 0 single-stranded DNA (ssDNA) overhangs. DNA resection is thus a key regulatory step in the decision between NHEJ and HR (Symington, 2016; Symington and Gautier, 2011) . Resection is catalyzed by the resectosome: a processive multi-enzyme complex of repair factors that generally include a nuclease, a helicase, and multiple regulatory proteins. These regulatory proteins modulate the activity of the core nucleases and helicases, thereby producing a sufficiently long ssDNA tract to find a homologous sequence elsewhere in a sister chromatid. The resulting ssDNA is rapidly coated with Replication Protein A (RPA), an abundant ssDNA-binding protein. RPA protects the ssDNA from degradation, participates in the DNA damage response (DDR), and coordinates the loading of Rad51 recombinase (Chen and Wold, 2014; Symington, 2016) . The Rad51-ssDNA filament then searches for homologous DNA elsewhere in the genome. The resulting D-loop structure is used to duplicate genetic information from a sister chromatid. Following DNA synthesis, the D-loop is resolved to complete error-free repair (Mehta and Haber, 2014) .
DNA resection is currently thought to occur in two distinct phases. First, sensor proteins must locate the DNA endsdeven when these ends are occluded by protein blocksdand process these structures (Symington, 2016; Zhou and Elledge, 2000) . Next, long-range resection machinery is loaded on these processed ends and produces long ssDNA overhangs. The Mre11-Rad50-Nbs1 (MRN) complex (MRX in yeast) is one of the first proteins to localize to a DSB (Lisby et al., 2004; Lukas et al., 2004) . Pioneering studies in budding yeast have established that MRX, along with Sae2, initiate HR (Cannavo and Cejka, 2014; Cejka et al., 2010; Gravel et al., 2008; Mimitou and Symington, 2008; Niu et al., 2010; Zhu et al., 2008) . Together, MRX/Sae2 make an initial incision near the DSB and promote limited processing of DNA ends that may be occluded by protein adducts such as trapped topoisomerases (Gravel et al., 2008; Mimitou and Symington, 2008; Zhu et al., 2008) . A similar model has also been proposed for DNA resection in higher eukaryotes, although verification will require additional biochemical studies (Fig. 1) . After this initial processing, MRN and CtIP recruit BLM helicase and either Exo1 or DNA2 nucleases (Symington, 2016) . Exo1 or DNA2, along with BLM, form the core eukaryotic resectosomes and promote long-range resection (Cejka et al., 2010; Gravel et al., 2008; Mimitou and Symington, 2008; Nimonkar et al., 2011; Niu et al., 2010; Zhu et al., 2008) . Recent evidence suggests that Exo1/BLM is the preferred system in human cells, while DNA2/ BLM plays a largely redundant or ancillary role (Myler et al., 2016; Tomimatsu et al., 2012) . The resectosome produces long stretches of ssDNA, which is rapidly coated with RPA and other eukaryotic single-stranded DNA binding proteins (SSBs) (Symington, 2016) . In addition to their role in DDR signaling, these SSBs also appear to regulate DNA resection, although the underlying mechanisms of this process are only just beginning to be discovered (Jeon et al., 2016; Myler et al., 2016) .
Single-molecule studies are particularly suitable for understanding the functions of large, multi-protein molecular machines. For example, single-molecule methods have been used to probe the Resection is initiated by the MRN complex, which recognizes the free DNA ends. MRN and CtIP initially process the DNA to promote the loading and assembly of a resectome containing either the nuclease Exo1 or the nuclease/helicase DNA2. The helicase BLM participates in both pathways. These two resectosomes catalyze long-range DNA resection. The resulting single-stranded DNA is bound by RPA and other SSBs. Finally, resection is terminated by an unknown mechanism and RPA is exchanged for Rad51, which catalyzes homologous recombination (HR). key steps in DNA replication, transcription, splicing, and homologous recombination (Bell and Kowalczykowski, 2016; Bustamante et al., 2000; Finkelstein and Greene, 2008; Robinson and van Oijen, 2013; Warnasooriya and Rueda, 2014) . These techniques are able to more directly observe resection intermediates with millisecond temporal resolution. By observing individual reactions, single-molecule approaches can directly capture transient intermediates (e.g., helicase pausing or reversal) without the need to synchronize the individual biochemical steps. Such transient intermediates are frequently averaged out in ensemble experiments. Furthermore, fluorescence imaging can be used to track the DNA as well as key protein components. Additionally, force spectroscopy can be used to define the chemo-mechanical coupling between enzyme movement and ATP hydrolysis. By following the protein, rather than the DNA, single-molecule methods also report on reactions that do not modify the substrate (e.g., a motor protein moving on DNA). These approaches have been especially useful for understanding homologous recombination in prokaryotes, and we direct the reader to several excellent reviews on this topic (Kowalczykowski, 2015; Spies, 2013; Yeeles and Dillingham, 2010) .
Here, we review recent single-molecule studies that have expanded our understanding of the eukaryotic resectosome. We will focus on DSB recognition, resectosome assembly, and longrange resection. We conclude with a discussion of how resection may be terminated in eukaryotic cells, followed by outstanding questions that can be best addressed via single-molecule approaches.
DNA end recognition and early processing
MRN is one of the first protein complexes to localize to a DSB in vivo, where it is critical for initiating repair (Lafrance-Vanasse et al., 2015; Stracker and Petrini, 2011 ). MRN's essential role is supported by its multiple enzymatic and structural functions ( Fig. 2A) . The MRN complex consists of two subunits each of Mre11, Rad50, and Nbs1. The Mre11 subunit encodes a 3 0 /5 0 exonuclease and a cryptic endonuclease (Cannavo and Cejka, 2014; Paull and Gellert, 1998; Shibata et al., 2014) . Rad50 is a Walker ATPase that is a member of the structural maintenance of chromosomes (SMC) family of proteins. The Rad50 ATPase domains interact with Mre11 to form the globular head of the MRN complex. Two Rad50-encoded coiled-coil arms extend~50 nm from the globular head domain and are coordinated by a zinc hook. These coiled-coil arms and the zinc hook are necessary for DDR signaling and promote the assembly and DNA binding ability of the complex (Lee et al., 2013) . Nbs1 (Xrs2 in yeast) does not encode any enzymatic functions, but does contain FHA and BRCT domains for protein interaction and signaling and may also regulate the DNA binding and ATPdependent activities of the entire complex (Lee et al., 2013; Paull and Gellert, 1999; Williams et al., 2009 ). In addition, Nbs1 contains three redundant nuclear localization sequences (NLS) crucial for the nuclear localization of MRN (Desai-Mehta et al., 2001; Tauchi et al., 2002) . MRN homologs are conserved over all domains of life, including Escherichia coli SbcCD, bacteriophage T4 gp47 (Mre11)/gp46 (Rad50), and archaeal Mre11/Rad50. Structural and biochemical studies of these conserved MR proteins have provided insight into complex formation, DNA binding, and nucleotide-dependent nuclease activation (Das et al., 2010; Eykelenboom et al., 2008; Herdendorf and Nelson, 2014; Hopfner et al., 2001 Hopfner et al., , 2000 Liu et al., 2016; M€ ockel et al., 2012; Seifert et al., 2016) . These studies have revealed multiple binding sites for DNA in the complex, which may represent the conformations necessary for DNA end binding, end tethering, and nuclease activity. Additionally, two nucleotidedependent Rad50 states have been visualized: a "closed" conformation with ATP bound and an "open" conformation after ATP hydrolysis; however, the functional implications for these two states have yet to be fully characterized (Lammens et al., 2011) . We direct the reader to several excellent reviews that summarize these findings (Hopfner, 2014; Lafrance-Vanasse et al., 2015; Paull and Deshpande, 2014) . To date, all of the structural studies that have (Cannon et al., 2013) . Briefly, MRN complexes were immobilized on the surface of a flowcell. DNA oligonucleotides containing a Cy3 label on one strand and a Cy5 label on the other are then bound by MRN, showing a high-FRET state. However, in the presence of ATP, MRN opens the ends, separating the Cy dyes and shifting the population to a low-FRET state.
been reported for Mre11-Rad50 homologs are truncated to exclude the critical Rad50 coiled-coils. Lower resolution SAXS studies of archaeal MR homologs have also been reported. These techniques have helped determine the dynamic transition between the ATPbound "closed" confirmation and the "open" confirmation, but future work will be required to understand the functional role of each of these states (Williams et al., 2011 (Williams et al., , 2010 .
Single-molecule studies have also shed critical insights into both the structural organization of MRN, as well as its dynamic interactions with DNA. Atomic force microscopy (AFM) has been used to probe the conformational flexibility of the Rad50 coiled coils, as well as the interactions between MRN and free DNA ends (Fig. 2B) . In this technique, purified MRN-DNA complexes are deposited on the surface of atomically smooth mica and scanned with a cantilever. Small changes in the cantilever height are detected by the deflection of a laser beam, which allows nanometer-resolution mapping of the protein profile. Such AFM experiments provided our first glimpse of the complete human MRN complex (De Jager et al., 2001; Moreno-Herrero et al., 2005; Van der Linden et al., 2009; Van Noort et al., 2003) . Interestingly, MRN undergoes conformational changes upon binding DNA. The angle of the Rad50 coiled coils relative to the globular domain is 26 ± 9 in the absence of DNA but is decreased to 6 ± 5 in the presence of DNA (MorenoHerrero et al., 2005) . This change upon binding DNA decreases the ability of the zinc hook to make intra-molecular interactions and promotes intermolecular interactions between two MRN complexes bound to separate DNA strands. Indeed, intermolecular MRN DNA end tethering has been observed via AFM, and subsequent studies have also observed MRX/MR-stimulated DNA end bridging in vitro and in vivo (Cassani et al., 2016; Chen et al., 2001; Deshpande et al., 2014; Kaye et al., 2004; Lobachev et al., 2004; Moreno-Herrero et al., 2005) . However, another in vivo study that monitored fluorescent reporters proximal to broken DNA ends in human cells has questioned the importance of these DSB-bridging activities at restriction endonuclease-created DNA breaks (Soutoglou and Misteli, 2008) . Thus, the significance of MRN's ability to bridge DNA ends requires additional clarification.
Follow-up AFM studies have explored the details of individual subunit binding to DNA, the importance of the coiled-coils, and the ATP dependence of complex formation and tethering (Kinoshita et al., 2015; Lee et al., 2013; Van der Linden et al., 2009 ). Interestingly, these studies have found that individual components of the MRN complex, specifically Mre11-Rad50, Rad50 alone, and Rad50-Nbs1, form DNA binding subcomplexes, which vary in their ability to oligomerize with each other, to tether DNA ends, and to hydrolyze ATP. Mre11 controls the structural arrangement of Rad50 oligomers and promotes end-tethering, but Rad50 alone was able to bind DNA and hydrolyze ATP. Surprisingly, a Rad50-Nbs1 complex was largely unaffected by the absence of Mre11. While these studies provide an interesting picture of MRN complex formation, AFM studies are essentially static snapshots of MRN-DNA interactions. Functional and dynamic characterization of individual MRN complexes and their interactions with DNA will continue to define how MRN promotes DSB repair.
A recent single-molecule FRET (smFRET) study has also begun to address the dynamic interaction of MRN with the DNA ends and how these interactions begin to assemble the resectosome (Fig. 2C) . In these experiments, surface-immobilized MRN was incubated with a double-stranded DNA oligonucleotide containing a Cy3-Cy5 FRET reporter pair (Cannon et al., 2013) . Using this assay, the authors determined that MRN has a DNA-unwinding activity that can open~15e20 nucleotides at the free DNA ends (Cannon et al., 2013) . This property of MRN is dependent on the Rad50 ATPase domain and requires ATP hydrolysis for end opening. Ablation of this activity reduced Exo1-catalyzed DNA resection, suggesting that MRN promotes DNA resection by Exo1 at least in part through its interactions with DNA. The authors concluded that MRN stimulates Exo1 primarily by loading the nuclease onto the Y-like DNA structure that is created via MRN's DNA-unwinding activity. However, a second biochemical study also suggested that MRN stimulates long-range Exo1 processivity via an unknown mechanism (Nimonkar et al., 2011) . Thus, MRN may play multiple roles in loading Exo1 and promoting long-range resection, and further single-molecule and ensemble biochemical studies will be required to directly test both models.
These single-molecule studies have begun to define how MRN binds ends, tethers multiple DNAs together, and opens a Y-structure at the end to promote repair initiation. CtIP (Sae2 in yeast), a 5 0 endonuclease that cuts Y-structures, also assists in this process, albeit with an unknown mechanism and substrate (Lengsfeld et al., 2007; Makharashvili et al., 2014; Wang et al., 2014) . A combination of MRN's DNA-unwinding activity with a CtIP-stimulated endonucleolytic cut may allow the generation of a short 3'-overhang DNA substrate for subsequent resection. In support of this model, the yeast MRX is stimulated by Sae2 to create nicks at protein-DNA adducts (Cannavo and Cejka, 2014) . This requires ATP as well as manganese and magnesium cofactors. Whether MRN's DNAunwinding activity is linked to its endonuclease activity, and whether these activities are recapitulated in MRX, remains to be seen. Exd2 is another mammalian nuclease that functionally interacts with MRN to initiate HR. Exd2 has been proposed to load at endonuclease-generated nicks and resect toward the DSB end, thereby creating a ssDNA overhang that serves as a loading scaffold for additional resectosome machinery (Broderick et al., 2016) . Further single-molecule studies of the ability of MRN to bind DNA ends and interact with CtIP, Exd2, and Exo1/BLM will be needed to define how this dynamic association promotes initiation on different end structures and how the MRN complex loads and assembles the resectosome.
Long-range resection
After initiation and processing of the DSB, the nucleases Exo1 or DNA2 are loaded onto the free DNA ends. Although the biochemical activities of both resection pathways have been reconstituted in vitro, the molecular cues that govern whether Exo1 or DNA2 are preferred in certain contexts remain unclear. However, several studies have highlighted that Exo1 is the predominant nuclease in human DSB repair (Farah et al., 2009; Tomimatsu et al., 2012) . Knockdown of Exo1 in human cells creates a strong resection defect, whereas knockdown of DNA2 has little effect on resection (Myler et al., 2016; Zhou et al., 2014) . These data suggest that Exo1 is the major nuclease for resection in human cells, while DNA2 may constitute a backup mechanism in addition to its function in Okazaki fragment removal. Both Exo1 and DNA2 are physically coupled todand stimulated bydthe RecQ-like helicase BLM (Nimonkar et al., 2011 (Nimonkar et al., , 2008 . The following sections will individually review the recent single molecule studies of each of these enzymes independently.
Exo1
Exonuclease 1 (Exo1) is important for homologous recombination, mismatch and nucleotide excision repair, and telomere maintenance (Cejka, 2015; Doksani and de Lange, 2014; Goellner et al., 2015; Modrich, 2006; Reardon and Sancar, 2005) . This protein shares similarities to the Escherichia coli RecJ and the human flap endonuclease Fen1, and it has a 5 0 /3 0 exonuclease as well as a 5 0 flap endonuclease activity (Tsutakawa et al., 2011) . We have recently characterized the activity of Exo1 using a high-throughput single-molecule DNA curtains assay (Fig. 3A,B) (Myler et al., 2016) . In this assay, thousands of individual DNA molecules are organized at fabricated structures in a microfluidic flowcell for concurrent single-molecule imaging (Gallardo et al., 2015) . To assemble DNA curtains, a supported lipid bilayer is first deposited on the surface of a microfluidic flowcell. The lipid bilayer serves three essential functions: (i) it provides a biomimetic passivation surface for biochemical reactions, (ii) DNA is immobilized on biotinylated lipids via a biotin-streptavidin interaction, and (iii) the fluidity of the lipid leaflet can be used to spatially organize the DNA substrates for highthroughput single-molecule imaging. Individual Exo1 molecules are labeled with fluorescent quantum dots (QDs), allowing proteins to be observed for >60 min without photobleaching.
Direct observation of human and yeast Exo1 revealed that both are processive nucleases that are capable of digesting~6 kb of DNA per resection reaction (Fig. 3C) . DNA resection in yeast produces 2e10 kb tracts of ssDNA , and a recent study in human cell lines also found that resection proceeds up to 3.5 kb away from a DSB . Although it is tempting to speculate that a single Exo1 molecule could processively resect enough DNA to initiate HR in vivo, other regulatory factors may limit Exo1's processivity. RPA is one such factor that has been previously suggested to modulate Exo1 activity. However, previous reports with both the human and yeast proteins had been contradictory, suggesting that RPA variously stimulates (Cannavo et al., 2013; Nimonkar et al., 2011) or inhibits Exo1 (Nicolette et al., 2010; Yang et al., 2013) . Therefore, we also determined how RPA modulates Exo1 activity. In these experiments, RPA and Exo1 were monitored simultaneously using dual-color single-molecule fluorescence imaging (Fig. 3D) . In the absence of RPA, Exo1 can remain Fig. 3 . Single-molecule studies of Exo1. (A) Domain map (top) and graphical map (bottom) of Exo1 and known interacting partners. Exo1 contains at least two distinct domains: a structured N-terminal nuclease domain (NTD) and an unstructured C-terminal domain (CTD). Previous studies have hypothesized an auto-inhibitory interaction between the NTD and CTD (Orans et al., 2011) . (B) DNA Curtains assay for studying Exo1 activity and regulation. Reproduced with permission from (Myler et al., 2016) . (C) Kymograph and particle tracking (top) of a single Exo1 molecule resecting from a DNA end. Rate and processivity measurements are indicated. Boxplots (bottom) show the velocity and processivity of Exo1 from DNA ends (magenta), nicks (orange), or with the nuclease-dead Exo1(D78A/D173A) (black). (D) Kymographs of Exo1 lifetime upon injection of RPA (left) or SOSS1 (right). White arrow indicates dissociation of Exo1. Lifetimes (bottom) of Exo1 upon no injection (left), RPA (middle), or SOSS1 (right). (E) Paramagnetic bead assay for monitoring Exo1 resection. Reproduced with permission from (Jeon et al., 2016) . Briefly, a paramagnetic bead attached to nicked DNA is tethered to a microscope slide surface via a biotin-streptavidin interaction. In the presence of flow, the DNA is extended and Exo1 is added. As Exo1 resects the DNA, it generates single-stranded DNA, which extends differently than dsDNA, resulting in a change in bead location. This change is monitored over time to determine the rate and processivity of Exo1 (right). In the presence of SSB, the bead does not move. However, MSH2-6 is able to overcome SSB inhibition of Exo1 activity. (F) Model for Exo1 resection in the presence of RPA. In the absence of a processivity factor (left), Exo1 is physically removed by RPA, which binds the single-stranded DNA generated by resection. However, processivity factors (green ring) may promote Exo1 degradation in the presence of RPA (right).
on the DNA for greater than 30 min. However, RPA removes Exo1 from DNA in~20 s, indicating that RPA physically displaces Exo1 from DNA (Fig. 3D) . These results were largely confirmed by a follow-up single-molecule study that visualized the movement of a paramagnetic bead as a proxy for ssDNA production (Jeon et al., 2016) . For this assay, a 21.8 kb DNA molecule containing nicks is tethered to the flowcell surface and extended via buffer flow. Exo1 loads on the nicks and resects the DNA substrate. The resulting ssDNA is monitored as a decrease in the overall DNA extension, and this signal can be used to estimate the resection tract. The authors largely confirmed our findings that Exo1 is processive and that RPA or E. coli SSB inhibits this processive behavior. Interestingly, the addition of the mismatch binding protein MSH2-MSH6 resulted in a resection complex that was processive even in the presence of RPA (Fig. 3E) (Jeon et al., 2016) . MSH2-MSH6 encircles dsDNA and forms a sliding clamp on homoduplex DNA (Jiang et al., 2005) . Exo1 interacts with MSH2, likely co-translocating with it to stabilize Exo1's association with DNA, even in the presence of RPA. Given that MSH2-MSH6 binds specifically to mismatches, it is likely that the association of Exo1 and MSH2-MSH6 is required to control Exo1 binding exclusively to mismatch-containing DNA.
Direct visualization of both Exo1 and RPA indicates that RPA inhibits Exo1 by physically displacing the nuclease from DNA (Fig. 3F) . The mechanism of Exo1 displacement by RPA and prokaryotic SSBs likely involves competition between the two protein complexes for the same ss/dsDNA junction. One possibility is that RPA binds newly resected ssDNA as it emerges from the Exo1 active site. A second possibility is that a pre-bound RPA molecule diffuses along ssDNA until it encounters Exo1 (Nguyen et al., 2014; Roy et al., 2009) . We note that these models are not mutually exclusive and may depend on the concentration of free RPA in solution. Importantly, these models do not formally require a direct proteinprotein interaction between the SSB and Exo1. Indeed, no physical interaction between RPA and Exo1 has been defined to date. However, we identified that deleting the N-terminal oligosaccharide/oligonucleotide (OB)-fold in RPA70 (the F-domain) resulted in decreased Exo1 displacement relative to wild type RPA. This suggests that the F-domain, as well as other elements in RPA, may physically interact with Exo1. Further experiments will be required to determine these interaction surfaces.
Another human SSB, SOSS1, has been recently identified to play a critical role in initiating DNA resection (Richard et al., 2008) . Like RPA, SOSS1 is also a heterotrimeric protein. However, whereas RPA has six OB-folds, SOSS1 only encodes a single OB-fold that facilitates interactions with ssDNA. Unlike RPA, SOSS1 supports long-range resection by Exo1 (Myler et al., 2016 ). This appears to be a direct consequence of its lack of multiple OB folds. SOSS1 has also been proposed to load Exo1 on dsDNA for HR, although the mechanism for this activity is still unclear . Given the low cellular concentration of SOSS1 (Beck et al., 2011) and its relatively weak binding to ssDNA, it is unclear how SOSS1 can codirect HR in the presence of RPA in human cells. Future ensemble and singlemolecule studies will be required to address how multiple SSBs bind the same ssDNA substrate to direct various aspects of DSB repair.
BLM
Bloom's Syndrome Helicase (BLM) is one of five human helicases with structural similarity to E. coli RecQ, the founding member of the RecQ helicase family of enzymes (Bernstein et al., 2010) . Although all five of these proteins have been implicated in DNA repair, BLM is the most critical for DSB resection (Bernstein et al., 2010) . BLM is a 3 0 /5 0 ATP-dependent helicase with a conserved core RecQ helicase domain and an N-terminal oligomerization domain that has been proposed to allow organization of BLM into hexamers and dodecamers (Fig. 4A) (Beresten et al., 1999) . However, the reason for this stoichiometry is unknown, and follow-up studies with monomeric core-BLM (containing only the conserved RecQ helicase domain) have been unable to determine a functional role of oligomerization (Yodh et al., 2009) .
BLM stimulates the DSB resection activity of both DNA2 and Exo1, but the mechanism for this stimulation is not completely characterized (Cejka et al., 2010; Nimonkar et al., 2008; Niu et al., 2010; Yang et al., 2013) . One possibility is that BLM processively unwinds the DNA ahead of Exo1, thereby stimulating long-range resection. However, helicase-dead BLM (K695R) also stimulates Exo1 in vitro, suggesting that an additional mechanism may contribute to Exo1 stimulation (Nimonkar et al., 2008) . A second possibility is that BLM may help to recruit Exo1 to the DNA ends. In addition, BLM may also act as a processivity factor to reduce Exo1 dissociation and stalling. The requirement for a helicase in Exo1-catalyzed resection may also be more pronounced when nucleosomes or other roadblocks are present on the DNA substrate. In support of this model, a recent study found that nucleosomes largely inhibit both yeast Exo1 and yeast DNA2 (Adkins et al., 2013) . However, DNA2-Sgs1 (the yeast BLM homolog), but not Exo1 alone, could efficiently digest a nucleosome-containing substrate. Interestingly, a~300 bp region of naked dsDNA was required to efficiently process a nucleosome. On the other hand, Exo1 was able to resect nucleosomes reconstituted with H2AZ, a variant of the histone H2A. These results suggest that Exo1 and DNA2 may use different mechanisms to resect nucleosome substrates. Deciphering the precise mechanisms of how resectosomes process nucleosome-coated DNA will require further singlemolecule and ensemble biochemical studies.
BLM physically interacts with DNA2 and stimulates processive degradation of DNA as part of the DNA2-BLM-TopIII-Rmi1-Rmi2 resectosome (Daley et al., 2014) . Here, BLM helicase is likely required for unwinding DNA ahead of the DNA2 nuclease/helicase. Indeed, biochemical studies have demonstrated that the helicase activity of BLMdbut not DNA2dis essential for long-range resection (Cejka et al., 2010; Nimonkar et al., 2011) . Helicase-dead DNA2 (D294A) coupled with wild-type BLM was able to support efficient resection, whereas helicase-dead BLM (K695R) or nuclease-dead DNA2 (E675A) could not (Cejka et al., 2010; Nimonkar et al., 2011) . The inclusion of a topoisomerase (TopIII) and the OB foldcontaining Rmi1-Rmi2 proteins in DNA resection remains somewhat mysterious. While TopIII-Rmi1-Rmi2 stimulates resection by DNA2-BLM, the free DNA ends are topologically unconstrained, suggesting that the DNA2-BLM resectosome should not require topoisomerase activity. Indeed, enzymatically dead TopIII mutants sustain long-range resection in vitro (Niu et al., 2010) . These results suggest that TopIII-Rmi1-Rmi2 may play a structural or scaffolding role in assembling the resectosome during DNA resection.
Single-molecule studies have begun to unravel BLM's helicase activity on both homoduplex and structured DNA substrates. Interestingly, two smFRET studies found that BLM has repetitive strand switching activity (Wang et al., 2015; Yodh et al., 2009) . These studies used a partial duplex FRET assay, whereby strand separation by helicase activity would decrease FRET (Fig. 4B) . Surprisingly, addition of BLM or BLM-core, which contains only the RecQ helicase domain, showed an ATP-dependent repetitive unwinding of the duplex. This is likely due to BLM strand switching, given that BLM has 3 0 /5 0 polarity. Additionally, RPA did not affect the repetitive unwinding activity of wild-type BLM but largely increased the time between cycles for BLM-core. This suggests that RPA helps reinitiate unwinding for BLM, probably due to the protein-protein interaction not found in the core mutant. However, the significance of BLM's strand switching activity in DNA resection remains unclear. BLM helicase also has robust G-quadruplex unwinding activity and may be important for resolving such structures at telomeres, stalled transcription bubbles, or possibly during DNA resection. Although strand-switching may be necessary to remove G-quadruplexes and resolve D-loops, it is unclear whether this activity is required for DNA resection. Future studies with BLM helicase in complex with proteins such as Exo1, DNA2, or the TopIII-Rmi1-Rmi2 complex may provide the resolution necessary to define BLM's role in DNA resection.
DNA2
DNA2 is an ATP-dependent helicase/nuclease that is involved in DNA resection and Okazaki fragment maturation during DNA replication (Symington, 2016) . In vitro, DNA2 can digest both 5 0 and 3 0 DNA strands (Masuda-Sasa et al., 2006) . However, RPA directs DNA2 nuclease activity to only target the 5 0 strand, leaving the 3 0 (Yodh et al., 2009) . A dsDNA containing both Cy3 and Cy5 labels is tethered to a flowcell surface. A high FRET state is observed in the absence of BLM. In the presence of BLM, the dyes are physically separated, resulting in a low-FRET state. Interestingly, BLM can repetitively unwind and re-anneal the DNA, suggesting a strand-switching mechanism. Right panels show the wait time between strand switching events (top) and FRET trace (bottom). For full length BLM, strand switching wait time is unaffected by the presence of RPA. (C) A single-molecule assay for DNA2 nuclease-dead (E675A) helicase activity. Reproduced with permission from (Levikova et al., 2013) . The position of a magnetic bead is monitored as DNA2 unwinds DNA in the presence of RPA. Right panel shows multiple processive DNA2 helicase trajectories. (D) Models for the functions of the DNA2-BLM-RPA complex. DNA2, is a potent, bidirectional nuclease in the absence of other factors, but cannot processively degrade DNA. In the presence of BLM, DNA2 can processively degrade both strands of DNA. Finally, in the DNA2-BLM-RPA complex, RPA directs DNA2 to only degrade the 5 0 strand, creating the necessary 3 0 overhangs for recombination. end intact (Cejka et al., 2010) . A recent single-molecule study investigated the coupling between the DNA2 helicase and nuclease activities (Levikova et al., 2013) . In this assay, a 6.6 kb dsDNA with a 40-nt 5 0 flap is tethered to a flowcell at one end, conjugated to a magnetic bead at the other end, and extended by a pair of magnets above the flowcell (Fig. 4C) . The length of the DNA substrate is monitored by imaging the position of the bead. DNA2 helicase activity generated a single-stranded DNA substrate for RPA to bind, extending the length of the DNA. A key finding of this study was that the nuclease-dead DNA2 (E675A) exhibits processive helicase activity greater than that of the wild-type enzyme, even in the presence of RPA. Thus, the DNA2 helicase activity is auto-regulated by its potent nuclease. This observation may suggest the need for BLM as an accessory helicase that can function when the intrinsic DNA2 helicase activity is suppressed via its nuclease domain. Further single-molecule studies with BLM and DNA2 will be required to define how the two enzymes cooperate to resect long stretches of DNA and what the functions of RPA are in regulating this process (Fig. 4D) .
Termination of resection
How is DNA resection terminated and what factors determine the extent of DNA resection? Genetic studies have established that as few as 20 bp of ssDNA are sufficient for HR with a sister chromatid and as little as 60 bp can be used for single-strand annealing (Hua et al., 1997; Rubnitz and Subramani, 1984; Sugawara et al., 2000) . Longer resection tracts are required when the homologous DNA is located at a distal chromosome or when homologous information is not available elsewhere in the genome (Hicks et al., 2011; Marrero and Symington, 2010; Zhu et al., 2008) . Furthermore, persistent induction of an unrepaired DNA break leads to long-range resection that can span >50 kb, ultimately causing cell death due to resection of an essential gene (Zhu et al., 2008) . The lack of resection termination in these situations suggests that resectosome disassembly might be coupled to Rad51 loading and recombination. Indeed, BLM physically interacts with and promotes Rad51-dependent strand exchange in vitro (Bugreev et al., 2009 ). BLM's ability to load Rad51 is reminiscent of the RecA-loading activities encoded by RecB, a core subunit of the E. coli resection machinery (Dillingham and Kowalczykowski, 2008) . The functional implications of BLM-Rad51 interactions will need to be addressed in future studies. Indeed, Rad51 nucleation on ssDNA is emerging as a highly regulated step in HR and additional resectosome subunits may also contribute to Rad51 loading during resection.
We propose three speculative models for how long-range resection may be terminated in eukaryotic cells (Fig. 5) . We focus on Exo1-dependent resection termination, but these proposed mechanisms are also likely relevant for DNA2-mediated resection. In the first model, a processivity factor stimulates extensive Exo1-dependent resection, even in the presence of RPA. Then, in a later step of resection, the processivity factor dissociates or is actively removed, allowing RPA to displace Exo1 and halt resection. A parallel for this mechanism has been proposed in eukaryotic mismatch repair. In both yeast and human cells, the MSH2-MSH6 complex physically interacts with Exo1 and acts as a processivity clamp during lesion excision. Furthermore, MLH1-PMS2, a mismatch repair-specific endonuclease, limits the number of MSH2-MSH6 complexes available to interact with Exo1, thereby limiting its resection potential (Jeon et al., 2016) . As a direct analogy, BLM and possibly MRN may serve as a processivity factors for Exo1-catalyzed resection in the presence of RPA. Dissociation of these processivity factors would render Exo1 sensitive to RPA inhibition and terminate DNA resection.
In the second model, the resectosome is stalled by a chromatin roadblock. This model is consistent with the strong inhibition of resection by nucleosomes in vitro (Adkins et al., 2013) . Certain resectosome subunits may be required for efficient resection through nucleosomes, and lack of these proteins could cause stalling and disassembly of the complex. In addition, many chromatin remodelers have been implicated in DNA resection, including SRCAP (Swr1 in yeast), a complex that replaces histone H2A with its H2AZ variant. H2AZ nucleosomes support Exo1 resection to a limited extent (Adkins et al., 2013; Dong et al., 2014) . The human SMARCAD1 protein (Fun30 in yeast) also supports DNA end resection and homologous recombination, albeit by an unknown mechanism (Costelloe et al., 2012) . Future single molecule studies are necessary to define how individual resectosome components process both canonical and modified nucleosomes. These studies will detail whether single nucleosomes or nucleosome repeats block loading of the resectosome, slow or stall the complex, or otherwise remove it from DNA. Subsequent studies will be required to understand the interactions between resectosomes and chromatin remodelers.
Finally, resection may be terminated via recruitment of a termination factor that promotes disassembly of the resectosome components. The recently characterized HELB helicase has been proposed to act as an anti-recombinase in human cells (Tk a c et al., 2016) . HELB is a 5 0 /3 0 helicase that is recruited to DSBs in an RPAdependent manner to negatively regulate resection (Tk a c et al., Fig. 5 . Speculative models for termination of Exo1-dependent resection. In the first model (left), a processivity factor (green ring) promotes degradation in the presence of RPA. Then, at a later step of DNA resection, the processivity factor dissociates or is removed, allowing RPA to displace Exo1. For the second model (middle), the resectosome encounters a chromatin block, which physically stalls resection and leads to dissociation of the resectosome. In the third model (right), a termination factor (red oval) is recruited to physically disassemble the resectosome. We propose that one or several of these concepts will play a role in both Exo1 and DNA2-dependent resection. 2016). HELB directly inhibits both Exo1 and DNA2 in vitro, but given the polarity of translocation, it is unclear how HELB might be able to stall or otherwise remove the resectosome. In summary, the biochemical mechanisms for resection termination are largely undefined and future single-molecule studies will be essential for deciphering these multi-step processes.
Concluding remarks
Human cells initiate HR by assembling the resectosome, a multisubunit molecular machine that nucleolytically generates 3 0 ssDNA at the free DNA ends. Cell biological and biochemical studies have identified the core enzymatic components, and single molecule studies are beginning to identify how these enzymes interact to process free DNA ends. Here, we present an overview of these studies and outline outstanding questions that can be best addressed by future single-molecule studies. Overall, many questions remain regarding how resectosomes are assembled, how the individual components interact to process a nucleosome-coated DNA substrate, and how resection is terminated. In addition to answering these critical questions, further studies are needed to define how the resectosome is regulated. Have Exo1 and DNA2 specialized to repair breaks in different genomic contexts? Is the resectosome dynamic, with many subunits exchanging over the course of resection as has been proposed in DNA replication? (Trakselis et al., 2001 ) Finally, do different types of lesions require one nuclease over the other? A dynamic resectosome would be able to exchange to find the right component. High-resolution singlemolecule studies are beginning to address these critical questions in eukaryotic DNA break repair.
